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ion mass spectroscopy (SIMS) proﬁles are studied for differ-
ent ﬂuorine implantation doses and compared with the cor-
responding ﬂuorine proﬁles. It is shown that a critical ﬂuo-
rine dose exists, above which the ﬂuorine suppresses boron
thermal diffusion and below which it does not and that this
critical ﬂuorine dose correlates with the appearance of a shal-
low ﬂuorine peak on the ﬂuorine SIMS proﬁle in the vicinity
of the boron marker layer. Explanations are proposed for the
origin of this shallow ﬂuorine peak and its effect on boron
thermal diffusion.
II. EXPERIMENTAL PROCEDURE
Silicon layers with and without a buried boron-doped
marker layer were grown on (100) silicon wafers using mo-
lecular beam epitaxy at 520 °C and low pressure chemical
vapor deposition at 800°C, respectively. Samples from the
same wafer were then given a 185 keV ﬂuorine implant with
a dose in the range 531014–2.331015 cm−2. By comparing
boron proﬁles on F+ implanted and unimplanted samples it is
therefore possible to unambiguously determine the effect of
the ﬂuorine implantation dose on the boron thermal diffu-
sion. The layers were annealed by rapid thermal annealing in
nitrogen at 1000 °C for 30 s. Boron (B11) and ﬂuorine (F19)
concentration depth proﬁles were obtained on all samples by
SIMS using a 10 keV O2
+ beam. The annealed boron (SIMS)
proﬁles were ﬁtted using the fully coupled diffusion model in
the Silvaco Athena simulation program and the diffusion co-
efﬁcient was extracted from the best ﬁt obtained. The layers
were also analyzed by transmission electron microscopy
(TEM).
III. RESULTS
Figure 1 shows boron SIMS proﬁles in samples im-
planted with F+ at a dose in the range 531014–1.4
31015 cm−2 and annealed at 1000 °C. For the two lowest F+
doses of 531014 and 931014 cm−2, there is no evidence of
the F+ implant reducing the boron thermal diffusion. In con-
trast, for a F+ dose of 1.431015 cm−2, the ﬂuorine implanted
sample shows a signiﬁcant reduction of boron thermal diffu-
sion compared with the unimplanted sample. Earlier work
18
on samples implanted with 2.331015 cm−2 F+ also showed a
signiﬁcant reduction of boron thermal diffusion compared
with an unimplanted sample. These results show that ﬂuorine
signiﬁcantly reduces boron thermal diffusion for F+ doses at
and above 1.431015 cm−2.
Figure 2 shows a comparison of simulated and measured
boron proﬁles of samples implanted with F+ at a dose in the
range 531014–1.431015 cm−2 and annealed at 1000 °C for
30 s. The as-grown boron proﬁle is also included for refer-
ence. In all ﬁgures the ﬁtted proﬁles coincide very well with
the measured proﬁles, indicating a good ﬁt. Extracted values
of boron thermal diffusion coefﬁcient, normalized to the
value of diffusion coefﬁcient of the unimplanted sample
s5.9310−14 cm2 s−1d, are summarized in Table I.Also shown
is a value for a 2.331015 cm−2 F+ implant obtained by ﬁt-
ting the proﬁles in Ref. 18. The results show a decrease in
the boron diffusion coefﬁcient by factors of 1.9 and 3.7 for
samples implanted with 1.431015 and 2.331015 cm−2 F+,
respectively.
Figure 3 shows ﬂuorine (SIMS) proﬁles in samples im-
planted with F+ at a dose in the range 531014–1.4
31015 cm−2 and annealed at 1000 °C. For all the implanted
doses the as-implanted ﬂuorine proﬁle is approximately
Gaussian with an implantation range of 0.41 mm. For the
lowest ﬂuorine implantation dose of 531014 cm−2, negli-
gible ﬂuorine is present (SIMS background level) in the vi-
cinity of the boron proﬁle after anneal. The majority of the
ﬂuorine is located in a broad double peak at a depth corre-
FIG. 1. Boron SIMS proﬁles in F+ implanted and unimplanted samples after
an anneal of 30 s at 1000 °C in dry N2. An as-grown boron proﬁle is also
included for reference. Results are shown for ﬂuorine implantation doses of
(a) 531014 cm−2, (b) 931014 cm−2,a n d(c) 1.431015 cm−2.
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plant s0.41 mmd and extending from about 0.3 to 0.64 mm.
For a ﬂuorine implantation dose of 931014 cm−2 negligible
ﬂuorine is again visible in the vicinity of the boron proﬁle,
but a small shoulder can be seen on the surface side of the
deep ﬂuorine peak between about 0.22 and 0.28 mm. This
shoulder was not present for the lower ﬂuorine dose of 5
31014 cm−2 in Fig. 3(a). For the highest ﬂuorine dose of
1.431015 cm−2, an additional shallow, ﬂuorine peak can be
clearly seen in the vicinity of the boron marker layer, extend-
ing from about 0.07 to 0.22 mm. The shape of this shallow
ﬂuorine peak is complex and comprises two small ripples at
depths of 0.16 and 0.18 mm. A substantial shoulder can also
be seen at a similar depth as the shoulder seen in Fig. 3(b)
s<0.22–0.28 mmd.
Figure 4 shows a comparison of ﬂuorine SIMS proﬁles
in samples with and without a boron marker layer after a
ﬂuorine implant in the range 531014–2.331015 cm−2 and
annealed at 1000 °C. The corresponding as-implanted ﬂuo-
rine proﬁles are also shown for reference. The ﬂuorine pro-
ﬁles in the samples without the boron marker layer show the
same overall trends as those with the boron marker layer. For
all ﬂuorine doses, a broad ﬂuorine peak is seen at a depth
corresponding approximately with the range of the ﬂuorine
implant. For the lowest F+ dose of 531014 cm−2, there is
negligible ﬂuorine in the vicinity of the boron proﬁle. For a
ﬂuorine dose of 931014 cm−2, there is again negligible ﬂuo-
rine in the vicinity of the boron proﬁle, but a shoulder can be
seen between about 0.22 and 0.28 mm. For the highest doses
of 1.431015 and 2.331015 cm−2, an additional shallow ﬂuo-
rine peak can he seen in the vicinity of the boron proﬁle,
extending from 0.07 to 0.22 mm and 0.04 to 0.22 mm, re-
spectively. A substantial shoulder can also be seen, extending
from about 0.22 to 0.28 mm. The shallow ﬂuorine peak in
the samples with a boron marker layer shows the presence of
ripples, whereas no ripples are present in the samples with-
out the boron marker layer. However, it should be noted that
the samples with the boron marker layer were grown using
molecular beam epitaxy, whereas the samples without the
boron marker layer were grown using low pressure chemical
vapor deposition. The small ripples may therefore be an arte-
fact of the growth method, for example, due to the trapping
of ﬂuorine at interfaces created by short growth interrupts
during the molecular beam epitaxy.
Table II summarizes the integrated ﬂuorine doses in dif-
ferent regions of the proﬁles before and after anneal for ﬂuo-
rine implanted silicon with boron marker layers. The inte-
grated ﬂuorine doses after implant are in reasonable
agreement with the implanted dose. The total ﬂuorine doses
after anneal indicate that considerable ﬂuorine is lost during
anneal, with less ﬂuorine lost for higher implanted doses. For
all implant doses the majority of the ﬂuorine after anneal is
FIG. 2. Simulated and measured boron proﬁles after an anneal of 30 s at
1000 °C in dry N2 and for reference an as-grown boron proﬁle; (a) unim-
planted sample, and samples implanted with F+ doses: (b) 531014 cm−2, (c)
931014 cm−2, (d) 1.431015 cm−2, and (e) 2.331015 cm−2.
TABLE I. Summary of values of normalized boron diffusion coefﬁcient for
unimplanted samples and samples implanted with F+ doses 531014–2.3
31015 cm−2. Values are normalized to the diffusion coefﬁcient of 5.9
310−14 cm−2 s−1 for the unimplanted sample.
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ing from 0.28 to 0.70 mm (a range encompassing the deep
ﬂuorine peak for all doses). For F+ doses of 1.431015 and
2.331015 cm−2, where suppression of boron thermal diffu-
sion is seen, 2.5% and 5.2%, respectively, of the ﬂuorine
resides in the shallow ﬂuorine peak (0.04–0.22 mm, and
1.6% and 2.9%, respectively, resides in the shoulder (0.22 to
0.28 mm).
Figure 5 shows a graph of the peak ﬂuorine concentra-
tion in the ﬂuorine peaks and shoulders as a function of F+
implantation dose. Results are shown for samples with and
without the boron marker layer. For the shallow ﬂuorine
peak, the peak ﬂuorine concentration rises from the SIMS
background level to a value of around 131018 cm−3 a taF +
implantation dose of 1.431015 cm−2 and then rises further as
the F+ dose is increased to 2.331015 cm−2. For the ﬂuorine
shoulder, the peak ﬂuorine concentration rises from the
FIG. 3. Fluorine SIMS proﬁles before and after an anneal of 30 s at
1000 °C in dry N2. Boron proﬁles after anneal are also included for refer-
ence. Results are shown for ﬂuorine implantation doses of (a) 5
31014 cm−2, (b) 931014 cm−2,a n d(c) 1.431015 cm−2.
FIG. 4. Fluorine SIMS proﬁles before and after an anneal of 30 s at
1000 °C in dry N2 for samples with and without a boron marker layer. The
samples with the boron marker layer were grown using MBE whereas the
samples without the boron marker layer were grown using LPCVD. Results
are shown for ﬂuorine implantation doses of (a) 531014 cm−2, (b) 9
31014 cm−2, and (c) 1.431015 cm−2, and (d) 2.331015 cm−2.
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